Abstract: Application of nanotechnology is making huge progress in the biomedical and environmental fields. The design and production of nanoreactors based on the combination of catalytic properties of enzymes and the unique characteristics of nano-sized materials is, certainly, an opportunity to solve different challenges in biomedical and environmental fields. Most of the research efforts to combine enzymes and nanostructured materials have been made using ceramic, metallic, or carbon-based materials. Nevertheless, biomaterials, or materials from biological origin, have two main advantages for biomedical and environmental applications when compared with non-biological nanomaterials; they are biocompatible and biodegradable materials. In this work, a critical review of the literature information on nanostructured biomaterials for enzyme delivery is shown.
Introduction
Nanobiotechnology, or Bionanotechnology, is the combination of the sophisticated mechanisms from biological systems with the exceptional properties of nanomaterials. This new scientific and technological field appeared just 15 years ago opening new approaches to solving old technological problems in the medical, environmental, and industrial areas. In less than two decades, nanobiotechnology has obtained spectacular advances, and the number of institutions worldwide carrying out research in this field is rapidly increasing [1] .
Nature has developed molecular machines much more accurate and efficient than any of the manufacture processes developed by men. A single bacterial cell of Escherichia coli with 1 μm diameter stores approximately 10 Mbit of information in its genome [2] , one ribosome is able to ensemble more than 50 different proteins, eukaryotic cells synthesize DNA molecules with an error rate of less than 10 − 11 per nucleotide added, and plants convert more energy and synthesize more amount of fine chemicals than all chemical industries [3] . On the other hand, biomolecular analogs to conventional devices such as structural components, tubes, motors, wires, pumps, synthesis processes, sensors, and programmable control systems, always exist in nature without exception. Among the main technological challenges, there is the mimicry of biological systems at nanometric scale to convert and transport energy, synthesize fine chemicals and macromolecules, store information, recognize, sense, move, auto-assembly, and produce smart materials. This is the main task of nanobiotechnology.
Enzymes are widely used in several applications in the food, feed, agriculture, paper, leather, textiles, pharmaceutical, and chemical industries, resulting in significant cost reductions and more energetically efficient processes. Enzymes catalyze chemical reactions with great specificity and very high transformation rate, which are orders of magnitude better than chemical catalysts. Enzymes are remarkable catalysts showing an exquisite selectivity, catalyzing reactions with insuperable chiral (enantio-) and positional (regio-) selectivity. This high selectivity also provides efficient reactions with minimal by-products, making enzymes an environment-friendly and low-energy alternative to conventional chemical catalysts. These reactions are the basis of the metabolism of all living organisms and, thus, provide tremendous opportunities for industries to carry out elegant, efficient, and economic biocatalytic conversions [4] [5] [6] .
It is expected that there will be an accelerated growth of biocatalytic processes in industries that already have developed some expertise in this area, and many other industries will incorporate enzymatic transformations in their processes [7] [8] [9] .
Humanity faces two important challenges when dealing with energy and the environmental issues that are intimately connected: (1) How can all the goods that society needs, and will need in the future, be produced using energetically efficient and environment-friendly processes? (2) How can the dependence on fossil energy sources be reduced and the environmental impact of human activities be minimized?
Green chemistry gains importance, opening new opportunities for research and development, to improve the efficiency of chemical processes while simultaneously reducing the materials and energy intensity and minimize or eliminate the dispersion of harmful chemicals in the environment. Among the challenges for green chemists, there is the discovery and development of new efficient catalysts, performing under mild reaction conditions with environment-friendly solvents and showing high selectivity for energy minimization, less toxic and inherently safer chemicals.
On the other hand, the field of Nanomedicine, which is the medical use of nanotechnology, is also emerging rapidly. The medical applications of nanotechnology include nanoelectronic biosensors, drug delivery, medical imaging, and molecular nanotechnology to prevent, treat, and cure major diseases [10] . The main goal of nanomedicine is to design, produce, and supply research tools and products clinically useful for the near future [11] . There are several research groups worldwide that are focused on the use of nanoparticles for drug delivery. However, the use of nanoparticles as carriers for enzymatic activity has less attention, even if the potential medical applications are evident [12, 13] . The improvement of chemotherapy by delivering cytochrome P450 activity into tumor cells has been achieved by targeted virus-like nanoparticles loaded with CYP [14, 15] . Most of the drugs used in chemotherapy are administered as pro-drugs, and they have to be activated into the active anticarcinogenic compound by the cytochrome P450 superfamily [16] . Unfortunately, the CYP expression varies significantly in the different tissues [17] , and even more, in some cases, the healthy cells near the tumor cells express higher CYP activity [18] , preferentially activating the cytotoxic agent, and affecting these healthy cells. Thus, the increase in CYP activity in the tumor tissue will improve the treatment efficiency and will reduce the doses, and importantly, a significant decrease in the side effects are expected [15] . The potential applications for the enzyme delivery are not limited to cancer. There are numerous illnesses originated by the lack of enzymatic activity. Among them, galactosemia and illnesses related to the lack of enzymes are involved in the amino acid metabolism such as albinism, alkaptonury, argininemia, argininosuccinic aciduria, deficit of carbamoyl phosphate synthetase I, homocystinuria, methylmalonic acidemia, phenylketonuria, and finally, the congenital adrenal hyperplasia (CAH), which encompasses a group of autosomal recessive disorders, each of which involves a deficiency 21-hydroxylase, resulting from mutations or deletions of CYP21A involved in the synthesis of cortisol, aldosterone, or both. This disorder affects between 1/10,000 and 1/15,000 of the population.
The use of therapeutic enzymes is not new. Duve [19] in the 1960s described the use of enzymes with the aim of treating disorders originated by enzymatic activity deficiencies. The therapeutic enzymes could be employed independently or in combination with specific drugs for the treatment of different disorders in a safe way [20] . Recently, the use of nanoparticles for transport therapeutic enzymes has been reviewed [21] . Nevertheless, the work is focused in cross-linked enzymatic aggregates (CLEA), metal-, silica-, and carbon-based nanoparticles, including synthetic polymers. In this work, biomaterials (materials from a biological origin) are reviewed, discussed, and proposed as better materials for the design and production of nanoparticle delivery of enzymes with medical and also with environmental interest.
On the other hand, nanoreactors are potential platforms to mimic the special organization of metabolic enzymes. In contrast to the enzymatic reactions with diluted enzymes, cells contain a high concentration of macromolecules resulting in crowding conditions that affect the structure and function of enzymes [22] . The encapsulation of a chain of metabolic enzymes in a nanoreactor could increase the catalytic efficiency. In a multi-enzymatic nanoreactor, enzyme active sites for consecutive reactions are placed in close proximity, which reduces the intermediate diffusion distance and, therefore, increases the probability that a metabolic intermediate undergoes a sequential reaction step before diffusing away [22] .
Biopolymer nanoparticles
Nanotechnology, soon after its emergence, has been successfully applied to many engineering and technical fields where a number of metals, ceramics, and synthetic organic/inorganic polymers were utilized for the purpose. Among the potential applications, nanomedicine procured the use of biopolymers for nanoparticle manufacturing with enhanced possibilities of their successful uses for diagnostics, medical supplies, therapeutic treatments, and emerging regenerative medicine such as tissue-engineered tissues. Biopolymers, being organic, also offer a versatility that is unmatched by metals and ceramics. The wide spectrum of physical, mechanical, and chemical properties provided by biopolymers has fueled the extensive research, development, and applications of polymeric biomaterials [23] . Moreover, utilizing biodegradable polymers over synthetic non-degradable materials paved the alternative way to overcome degradation issues and environmental concerns. Conversely, the potential toxicological effect of some biomaterials, in addition to unease structuration at nano-size scale, limits their utilization. Nevertheless, extensive research and bioengineering advances certainly would help to solve these challenges.
The current overarching concept of engineering of biopolymeric nanoparticles has established a new vision for their utilization over synthetic materials in a range of medical applications. A major emphasis has been made on the use of biodegradable polymers like liposomes, proteins, polysaccharides, and virus-like particles (VLPs) for nanoparticle preparation. The focus for these biomaterials has turned toward tissue engineering, sophisticated cell, drug and gene delivery systems, and other applications in biotechnology, where the need for specific and direct interactions between biomaterials and tissue components become a priority [24] . With the potential use of biopolymers for medical purposes, a new paradigm for biocompatibility has emerged, and continuous efforts for understanding the biocompatibility mechanisms are being made.
During the last decade, several protocols for the fabrication of biopolymer-based nanoparticles have been well established (Table 1 ) and have shown notable advantages including easy preparation, biodegradability, and high stability. The increasing interest for biopolymeric nanoparticles (BNPs) is originated by its implication in medical science (drug delivery), with advantages including enhanced bioavailability, high drug loading, reduced side effects, and controlled and targeted drug release. Delivery of a variety of chemicals, nutraceuticals, flavors, antimicrobials, dietary fibers, and minerals through BNP encapsulation is becoming progressively significant [67] . Moreover, applications of BNPs in gene therapy and tissue engineering are another important aspect potential for their medical applications. Bioactive compound encapsulation in biomaterials also allows the modification of their stability, texture, mechanical, and optical properties [68] . The incorporation of BNPs as co-catalysts enhances the photocatalytic water oxidation process when compared with commercially available nonstabilized cobalt nanoparticles [69] .
Enzymes, used as catalysts for several biochemical processes, are also known for their extensive applications through nanoencapsulation in biopolymeric materials as a possible solution of some limiting factors like stability and reusability ( Figure 1 ). Immobilization of ligninolytic enzymes such as laccases and peroxidases on BNPs improves their performances for bioremediation processes [48] , whereas encapsulated glucose oxidases in BNP can be used to build biosensors. An interesting approach of enzyme encapsulation technology with biopolymeric matrix also provides self-regulated degradation mechanism, which is mandatory for the applications such as hard tissue replacement and some drug delivery systems [70] . Enzyme immobilization on biopolymeric materials has also been proven to prevent bacterial biofilm formation on implanted medical devices such as endotracheal tubes [71] . The most recent-emerged DNA nanotechnology involves the use of DNA hydrogels for enzyme entrapment. This technique was applied to enzymatic biobattery [65, 66] that holds a great promise to improve bioelectrocatalysisbased devices [72] , and DNases can degrade it. Converting natural sensitive biocatalysts to stable and environmentally adaptive catalysts through their encapsulation or immobilization on BNPs open novel strategies and uses for industrial processes. Biosynthesis of macromolecules through enzymatic polymerizations of specific molecular structures constitutes a critical step in the evolution of living organisms. Tailored fabrication of BNPs seems to be the next step and could hold particular promise for their potential applications, but this technology is still in its infancy. BNPs are being investigated for their prospective in many areas at laboratory scale. Thus, it is still important to take up the challenge for economically achievable large-scale commercial production of BNPs with desired and uncompromised properties or functional attributes.
Several methodologies have been developed and optimized for BNP preparation, but still, their sensitivity to the operational conditions needs to be addressed. Associative interaction of proteins and polysaccharides can also be one of the intrinsic sources for BNP fabrication with a variety of appropriate combinations. However, such particles are under threat of dissociation due to changes in environmental conditions that may induce protein unfolding or aggregation and limit the use of multiple methodological combinations [67] . Novel sources of biopolymers, different combinations, innovative and simple new preparation methods with high protein loading efficiency, and ensuring biological safety should also certainly be emphasized. The toolbox offered by BNPs opens research opportunities to all fascinating interdisciplinary fields for innovation, which is truly imperative for the application of nanotechnology in medicine and green technology.
Liposomes
Early investigations on bimolecular-based nanoparticles emerged with the formation of "liposomes" defined as the spherical vesicles composed of lipid bilayers. These liposome bilayers can be formed from different phospholipids wherein its constituent characteristics reflect in resultant particles [73] . The unique, and appreciated, nature of liposomes that shows a hydrophilic core and hydrophobic bilayer favors both encapsulation and entrapment of hydrophilic as well as hydrophobic compounds simultaneously. Liposomes have been employed as a "safe platform" for carrying antibodies, antigens, proteins, peptides, enzymes, hormones, vaccines, and photosensitizers to be able to reach the target tissue. Investigations developed toward enzyme-containing liposomes, where lipid vesicles are carrying water-soluble enzymes, had appeared as one of the most practically favorable technique. Enzyme-containing liposomes are mainly known for their two main potential applications, i.e. enzyme-replacement therapy in biomedical sciences and food processing, where liposomes chiefly play the role of carriers [74] . The role of liposome-encapsulated enzymes in accelerating cheese ripening process and flavor development [75] , and in the treatment of lactose intolerance [76] , provided good examples for their real industrial applications.
Targeting and on-time release of enzymes are essential factors to be controlled in order to obtain effective outcomes and to avoid unwanted catalytic reactions, and they can be certainly achievable by using liposomes. Their application is not restricted to cancer therapy, and their use as carriers for infectious and autoimmune diseases, their application for drug delivery, treatment of myocardial diseases, or any kind of enzyme-replacement therapy could be envisaged. Liposomes containing butyrylcholinesterase as toxin scavengers [77] and phosphotriesterase for the destruction of toxic organophosphates [78] are other examples of biocatalytic liposomes. On the other hand, highly sensitive chemiluminescence immuno sensor has also been developed with horseradish peroxidase encapsulation in liposomes for prostatespecific antigen (PSA) detection [79] . Furthermore, utilization for environmental processes has also been considered, and the decontamination of metal-laden industrial wastes through phosphatase containing lipid vesicles has been explored [80] .
The demonstration of liposome capacity for drug delivery has been stimulated by their biocompatibility and biodegradability, but has been restricted due to their physical stability and degradation prior to targeted therapeutical application. However, major breakthroughs through intensive research for years began to elucidate the understanding of lipid compositions for producing liposomes with added-value properties, i.e. stability, enhanced drug bioavailability, protection against drug hydrolysis or oxidation, increased drug lifetime, better pharmacokinetic properties, and improvement of therapeutic index [81] . The manipulation of liposomal structures by the addition of different molecules in the liposome bilayer, with both active and passive targeting strategies, achieved a liposomal formulation containing the anthracycline drug for the treatment of cancer and AIDS-related Kaposi sarcoma, and multiple myelomas [73, 82] . Modified liposomes have been proposed as potential vaccine preparations against a number of pathogens such as tuberculosis [83] . An important recent contribution has been reported, in which liposomes display viral proteins (named by the authors as "virosome"). These preparations have been proposed for prophylactic applications of hepatitis B vaccines and to improve the vaccine-based preparation against influenza [83] [84] [85] . These modification strategies certainly could be applied to other biocatalytic liposomes.
Since their invention 50 years ago, liposomes were proposed first as vehicles for drug delivery, and they have significantly achieved much attention due to their fascinating contribution to the medical sciences. However, there is still a huge potential of this technology that has not been entirely exploited. The design of tailored liposomes with multifunctional properties is an important opportunity niche for research. Stability, toxicity, controlled release, immunity-promoted delivery, selective tissue targeting, and many more issues should be explored to establish a robust technology that can be rapidly taken up by the medical and pharmaceutical industries. Regardless of significant research and development in liposomal technology, inadequate commercialization and low-quality control have limited its application; thus, it is imperative to establish regulation rules for the production and use of liposomes.
Like liposomes, "polymersomes" are also composed of lipid bilayers with aggregated amphiphilic macromolecules, but they are less dynamic than liposomes due to lower critical aggregation concentration and larger dimensions of the amphiphilic block copolymers, and moreover, their low permeability to water limits its utilization as nanoreactors [86] . This limitation could be solved by the inclusion of channel proteins [87] or proton pumps [88] in the polymeric bilayer. However, the porous nature of the polymersomes allows the enzyme encapsulation and positioning of different enzymes to specific separate domains and is possible as well, which is demonstrated by Vriezema et al. [89] and van Dongen et al. [90] . Thus, polymersomes have a potential for constructing nanoreactors with multiple enzymes.
Virus-like particles (VLPs) as nanovehicles for enzymes
VLPs are nanoparticles similar to the original virus but lacking the viral genome. The VLPs are dynamic structures forming many different shapes and sizes according to the medium pH and ionic strength. They are monodisperse, chemically stable, and they maintain some properties of the original virus. In addition, the basic structure of the VLPs can be programmed in different ways to place inside various types of molecules. VLPs can also be conjugated with other molecules to form more complex nanoparticles [91] [92] [93] . The use of the VLPs as nanocarriers confers several advantages:(i) prevents premature degradation of the cargo and avoid the cargo interaction with the environment, (ii) improves the absorption and/or delivery of its cargo, and (iii) provides better-controlled distribution of the carried substances [92] . VLPs show an enormous potential, especially for medical applications because of their versatility, structure, safety, and capacity to protect their cargo. VLPs are (i) highly ordered and self-assembled structures. (ii) They show high surface area to bind ligands. (iii) They contain a diversity of reactive groups for ligand anchorage. (iv) They contain empty cavities for cargo encapsulation. (v) Importantly for reactors, they are porous structures for substrate intake and product release. Finally, some of the VLPs may perform cell internalization.
The capacity of virus capsids or VLPs as enzyme containers to form nanoreactors and as enzyme platforms has been demonstrated (Table 2 ) [101] [102] [103] [104] [105] [106] . Enzymatic nanoreactors or enzyme nanocarriers are not unbound to some limitations and necessity of improvements. VLPs could be coated with enzyme molecules [107] , but without a doubt, the chemical characteristics of the empty capsids should be considered for the design of different strategies for creating functional enzymatic VLPs (Figure 2) . The outer and inner charge, size, nucleation, optimal temperature, and pH for self-assembly and the formation of secondary structures at different ionic strengths, degradation, and stability in non-optimal conditions should be considered [107] [108] [109] [110] . Considering these properties, the encapsulation of different enzymes such as alcohol dehydrogenase [111] , glycosidase [100] , and cytochrome P450 (CYP) [14, 15, 112] has been achieved ( Figure 3) . The design of synthetic "metabolomes" or multi-enzyme systems has also been proposed [113] .
VLPs from different viruses have been synthesized including the non-enveloped icosahedral MVM (Minute virus of mice), PaV (Pariacoto virus), CCMV (Cowpea chlorotic mottle virus), NV (Norwalk virus), and bacteriophages U29, k, HK97, and P22. Likewise, they have also been produced from icosahedral capsids of enveloped viruses such as HBV (hepatitis B virus), HSV-1 (herpes simplex virus type 1), MLV (murine leukemia virus), HIV-1 (human immunodeficiency virus type 1), and influenza virus [114] . In addition to the protection and delivery of enzymes with a specific catalytic activity, VLPs can be directed to specific target tissues or cells, which is a major issue of interest in nanomedicine. Because of its protein nature and the presence of reactive groups on the capsid surface (i.e. free amino and carboxylic groups), they could be easily functionalized with specific ligand molecules to be recognized for receptors in the target cell surface and then internalized [115] . Antibodies have been used to functionalize some types of nanoparticles; however, the size (~ 160 kDa) could hinder the penetration of nanoparticles into the target tissues. Another drawback of antibodies is that they may have a high affinity for other structures, and they are subjected to degradation [116, 117] . To solve such problems, antibody fragments, or construct from small antibodies, have been used [118] . On the other hand, smaller molecules such as peptides or micropeptides seem to be an attractive and efficient alternative for VLP functionalization [119] . These molecules are small, easily synthesized, chemically stable, able to be conjugated with radionuclides, and they can adhere to viral capsids and different types of micelles. In addition, the use of artificial small peptides from d-amino acids, which are more stable to proteolysis, could be envisaged [116, [120] [121] [122] . Cytosine deamidase, which transforms the prodrug 5-fluorocytosine to the active drug 5-fluorouracyl, has been encapsulated into the SV40 capsid as a carrier to deliver the enzymatic activity to CV-1 cells with the aim to increase the drug sensitivity and to induce apoptosis [94] . Recently, a multienzymatic VLP-based nanoparticle has been produced. Three enzymes: CelB glucosidase, ATP-galactosidase, and ADP-glucokinase, involved in the carbohydrate metabolism, were encapsulated into VLPs from bacteriophage P22 [113] . Unexpectedly, no increase in the efficiency of the cascade reaction was found, concluding that it is important to consider the right balance of kinetic parameters of each of the involved enzymes in the design of efficient catalytic systems. Nevertheless, the production of synthetic metabolome based on the enzyme encapsulation in VLPs could generate complex catalytic systems with various potential applications.
The enzyme concentration inside the virus capsids could reach the mM order. Thus, it is possible to study catalysis in crowded environments, simulating those found at the cellular level, to better understand the enzymatic catalysis inside cells. Despite that the catalytic activity of many encapsulated enzymes is lower than these found with free enzyme, nanoreactors with new properties are generated with biocatalytic VLPs, such as thermostability, proteolysis resistance, protection during lyophilization process [120] [121] [122] , reduction of substrate inhibition [111] , and improvement of performance under certain operational conditions [101] .
Without a doubt, the development of VLPs as enzymatic nano-vehicles is still in their infancy. However, so far, the capacity to carry biocatalytic cargos has been clearly demonstrated, and their functionalization and targeting to specific tissues should also be considered. In addition, the use multi-enzymatic nanoparticles that mimic metabolomes is still scarce. Without a doubt, multienzymatic VLPs are an open opportunity to find new and innovative applications.
Finally, functionalized VLPs loaded with active enzymes are an attractive alternative for the treatment of several illnesses that are originated by an enzyme deficiency. The application of VLP-nanoreactors is not limited to medical issues, but they could be envisaged for environmental applications as well. However, further research is needed to improve the stability, functionalization, degradation, and biocompatibility of VLPs, and still a research effort should be focused to optimize the transformation of different substrates, as suggested by Comellas-Aragones et al. [101] , Cardinale et al. [99] , and Patterson et al. [113] .
DNA nanostructures as enzyme carriers
The postulate proposed by Seeman in 1982 [123] pointing out the use of DNA as a building biomaterial for the creation of predesigned nanostructures through molecular self-assembly has started the emergent field of DNA nanotechnology. The real impulse in the field was observed with the invention of the DNA origami technique, which allowed DNA strands to be molded according to the nanostructure requirement [124] . The enormous potential of DNA-based enzyme nanoreactors has been recently reviewed [125] in which the diversity of DNA-based nanostructures as single or multi-enzymatic systems and their potential applications are discussed. Moreover, the nontoxic and biocompatible nature of DNA, together with the possibility to design a desired architecture allowed to explore their implementation in many fields, especially in biomedical applications. DNA nanostructures can be sitespecifically engineered and can be the base of structures like autonomous walkers [126] , nanotweezers [127] , and nanocages [128] . So far, numerous applications of DNAbased nanostructures have been demonstrated in both biological and non-biological areas such as plasmonic and nanoelectronics/nanophotonics device fabrication [129, 130] , scale rulers for optical imaging [131] , DNA computing [132] targeted drug delivery [128, 133] , gene therapy [134] , and development of biosensors for cancer diagnosis [135] . Furthermore, DNA nanoarchitecture also serves as a powerful platform for appropriate activation of enzyme cascades to improve their biological efficiency (Figure 4) . Control of relative distance and orientation of enzymatic components or facilitation of interface between enzymes/ cofactors and electrode surfaces enables protein-DNA assemblies to organize cascades of enzymatic reactions [136, 137] . The multi-enzymatic DNA nanoreactors have been studied and demonstrated [138] . However, the regulation of the enzymatic activities in these systems is still a critical issue. The manipulation of key parameters like position, stoichiometry, and inter-enzyme distance for optimal activity as well the use of programmed DNA nanostructures increases the potential for the design of multi-enzymatic nanoreactors [139] . Fu et al. [140] have systematically studied the effect of inter-enzyme distance, in which the activity of a GOx/HRP cascade spatially organized on a DNA nanostructure increased when the interenzyme distance is reduced. The DNA tweezer-actuated enzymatic nanoreactor has been successfully developed controlling the inhibition and activation of dehydrogenase and NAD + cofactor [141] . The introduction of feedback or feed-forward control loops and the concept of responsive enzymatic nanodevices [142] could be applied for diagnostic and production of high-value chemicals. Rational control and regulation of DNA-based nanodevices containing multi-enzyme systems also expand the uses of DNA nanotechnology for enzyme-induced drug delivery and enzyme-triggered nanostructure assembly [143] . Many expected biomedical applications of bicatalytic nanoreactors include the intracellular delivery of enzymes or their efficient cellular uptake. The cell internalization could be enhanced by noncovalent modification of origami structures [144, 145] . A significant enhancement of cell uptake has been obtained by coating the DNA origami nanostructures with virus capsid proteins [146] . This strategy utilizes purified capsid proteins that can bind and selfassemble on the origami surface through electrostatic interactions and further pack the origami nanostructures. Though several approaches have been developed and attempted to reach this goal, it is always hampered with transport-limiting factors like size, charge, and stability of enzymes. However, utilization of designed DNA nanostructures as a carrier for the enzymatic cargo was introduced as an important strategy [125] . Efficiently designed DNA containers developed by Kuzuya and Komiyama [147] , Zhao et al. [148] , and Kiviaho et al. [149] protect the enzymes from biological degradation, enhance the catalytic activity, and may tune the enzymatic reaction rates. The strategy of delivering β-galactosidase into cells can be improved by coating it with a dense shell of oligonucleotides [150] , which is also an innovative attribute of DNA nanotechnology.
Without a doubt, the rapid development of DNA nanotechnology offers a huge potential for enzyme-based nanoreactors. Nevertheless, additional research efforts should be performed to reach the goal of establishing an easy, efficient, scalable, and economic strategy for the production of DNA-based nanostructures with desirable characteristics. The number of studies on DNA nanostructure loaded with enzymes is still scarce, but an increasing interest on DNA-nanostructures as the carrier of engineered enzymes with multiple functions and new potential applications is expected.
Physical chemistry of nanoreactors
Physicochemical properties of nanoreactors are influenced or modulated by external parameters such as temperature, pH, or ionic strength. Alterations in these environmental parameters allow the control of both nanoparticle stability and catalytic activity, which is possible by controlling the diffusion of substrate and products through the nanoreactor surface, adjusting the optimal concentration of catalytic molecules and reactants, and by the suitable nano-environment inside the nanoreactor. The enzymatic activity of a nanoreactor can be affected by several factors Figure 4 : Scheme of an enzymatic reactor build from DNA and enzyme molecules. Enzyme molecules are attached with precision on the highly modulated DNA nanostructures. Glucose oxidase (GOx, purple) and horseradish peroxidase (HRP, green) have been assembled into two tubular DNA origami nanostructures (orange and yellow cages). The reaction cascade starts with the production of hydrogen peroxide from glucose oxidase, which is the substrate for peroxidase-mediated oxidation. This figure was taken from Linko et al. [125] .
such as mass transfer limitations, the obstruction of the catalytic site of enzymes, and the decrease in the diffusion rate of substrates, due to the high concentration of enzymes. Therefore, in order to produce an efficient nanoreactor, it is very important to consider an optimal number of enzyme molecules and avoid enzyme crowding. The efficiency of the nanoreactors has been measured through their physicochemical properties where different techniques are being used to qualify their performance. The diffusion-controlled reactions in nanoreactors have been experimentally studied by means of luminescence quenching [151] , by a theoretical diffusion model of spherical cavity [152] , or different hollow geometries [153] . Another model has been developed considering the diffusion coefficients of the reacting molecules and critical distance for the reaction with the Stokes-Einstein equation, in which the diffusion coefficient of a species is correlated to its radius and the solvent viscosity. From this approach, a Smoluchowski reaction expression is obtained, that consider a steric factor, which characterizes the diffusion rate into the porous cavity by absorption [154] . However, the Smoluchowski reaction rate constant does not consider the nanoreactor geometry and the crowding effects.
On the other hand, the "ζ" potential describes the surface charge of nanoparticles [155] and can be used to study the stability of a nanoreactor in suspension or in the environments where it is being used. The ζ potential of nanoparticles can be determined through dynamic light scattering (DLS) or by measuring their electrophoretic mobility. It is well known that nanoparticles with ζ potential values greater than + 25 mV or less than − 25 mV typically have high degrees of stability [156] . Moreover, dispersions with a low ζ potential value will eventually aggregate due to van der Waals interparticle attractions [145, 157] . DLS is a versatile characterization technique that can be used for particle size measurements and polydispersity determination together with other structural parameters such as weight molar mass, the radius of gyration, and hydrodynamic radius [155] . The critical aggregation concentration, the particle morphology, and the change in size or shape with the variation in pH, temperature, and ionic strength could also be determined by DLS [158] .
The dynamic properties of fluorescent molecules can be studied using the fluorescence correlation spectroscopy (FCS). By monitoring fluctuations of fluorescence intensity in a confocal volume and by performing the correlation analysis of the fluctuations, it is possible to estimate the size, diffusion coefficients, and concentrations of nanoparticles [159, 160] . The number of fluorescent molecules in the nanocontainers was determined by this technique [161] . The FCS is a promising technique that can also be used to study the diffusion through the porous surface, stability, and the enzymatic activity of nanoreactors. To the best our knowledge, the DLS and CFS techniques have not been fully exploited to study the physiochemical properties of nanoreactors.
Electron microscopy techniques, such as transmission electron microscopy (TEM) and cryo-TEM, are useful techniques to characterize and study the shape, size, thickness, and structure of self-assembled viral capsids and nanoreactors [162, 163] . In addition, atomic force microscopy (AFM) is a powerful tool to investigate the mechanical properties of viral capsids [164, 165] .
The concept of "smart nanoreactor" could be fulfilled only with the theoretical and experimental studies of all the physicochemical properties of different components at any possible environment in which the nanoreactor could be exposed.
Concluding remarks
Without a doubt, biomaterial-based nanoparticles have huge potential for enzyme delivery. There are numerous illnesses originated by the lack of enzymatic activity. Biomaterial nanoparticles seem to be a better alternative for biomedical applications than inorganic preparations due to its biocompatibility, biodegradability, available functional groups, and adjustable structural characteristics. Still, basic research efforts should be performed in order to solve challenges such as immunogenic response, particle stability in physiological fluids, and catalytic performance, among others. Nevertheless, it is clear, from the information available, that enzyme delivery by biomaterial-based nanoparticles is an important alternative in the new field of nanomedicine.
